The invention of the laser diode, the microcomputer and the CCD camera have made possible the new technology of triangulation measurement systems. Current applications range from scanning the insides of old pipes, to a vision tool for the blind. As such, it is important that techniques be developed to minimize the error in laser triangulation measurement systems. Due to the nonlinear nature of the problem and the fact that error is dependent on an ever changing and vast number of subjects, a computer simulation was written to examine the trade-off between occlusion and data quality. A computer simulation allows for a large amount of flexibility. The software gives the user the ability to calculate the error for a given triangulation configuration without having to build and test the actual hardware. This paper describes and demonstrates the use of the simulator. Limitless laser triangulation systems can be modeled and most subjects represented in CAD files can be used in the computer simulation.
INTRODUCTION
The purpose of this work was to create a simulator for a laser triangulation system. In addition to presenting the simulator itself, this article describes and demonstrates the use of the simulator. There are two measurement problems associated with laser triangulation systems. The first problem occurs when the laser light is not visible to the position sensor. This problem is often due to surface occlusions. There are many reasons for occlusion and it will be discussed further in the following sections. A second concern is the quality of the measured point. Point accuracy is non-linearly dependent on the ratio of the baseline distance to the surface distance. The precision of the measurement is higher when the baseline distance is large. However, an increase in the baseline distance means an increase in the likelihood ofhaving occlusion problems. Thus as the quality ofthe data increases, occlusion also increases.
ERRORS IN LASER TRIANGULATION SYSTEMS

Measurement accuracy
There are many factors that can generate error in a laser triangulation system. Elements such as the quality of the laser beam, and variations in the intensity of light striking the position sensor can play a role in measurement accuracy' . The error generated due to these factors is reported to be on the order of micrometers. Other sources of error due to the geometry of the system can beon the order of millimeters. Because errors due to the geometry of the system have a much greater impact, this work will be limited to those errors.
An analytical presentation of geometry error, in a stereo vision system, was discussed by Nurre2. The situation for the laser triangulation system is similar but one ofthe cameras is replaced with a plane oflaser light. This greatly reduces the complexity ofthe system. Consider the situation in which the laser plane oflight is in the x-y plane, and the orientation ofthe camera can be described by a transformation matrix3. Using the pinhole camera model and the transformation matrix, an image plane location can be found for any point on x-y, in the space visible to the camera. Figure 1 represents such a space. The camera looks down on the figure at an oblique angle. The grid represents a projection of the camera's pixel array onto the plane. Horizontal lines outline pixel rows, while slanted lines are the boundaries for pixel columns. Thus, the grid can detennine the area in space measured by any iiven pixel. Clearly the more distant, larger areas represent a greater chance br positional measurement error. As described in reference. the equations br error are non-hnear. A laser triangulation systems performance will depend on the subject being scanned. Subjects, with many deep crevasses or parts. can block a laser or camera. A subject with no occlusion problems can generate niore accurate results by using a longer baseline.
Missing data
Because the subject scanned is a factor in the optimal scanner configuration. the subject must be considered in the analysis. l'he geometry of the scanner and the subject are both necessary to consider the amount and quality of scan coverage. Separating missing data into several categories will be helpful when describing the capabilities and limitations of the scanners and the simulator.
Ideal case
The ideal case occurs when the laser plane intersects the subject and the intersection is clearly recorded by the camera. Tins is the most common situation and a profile of it is shown in Figure 2 . In Figure 2 , the horizontal line represents the laser plane and the jagged surIce represents the surface of the subject. Point A is the point of intersection between the laser beam and the subject. Point B is the point that would he registered on a cameras Ical plane. Notice that the subject occludes neither the laser plane nor the line of sight ol the camera (line AB).
Camera occluded by the subject
When the subject has a very extreme indentation, the camera view can become blocked which results in a void in the data. An example of this situation is a subject with a wrinkled surface. This situation is illustrated in Imgure 3.
In Figure 3 , the laser intersects the subject at point A.
[he data point would have been collected by the cameras local plane at point B, but the subject blocks the line of sight of the camera.
Laser plane occluded by the subject
When one part of the subject blocks another part of the subject from being intersected with the laser plane, data will he missed. This could occur in the armpit area of a human subject. Ihe arm blocks the torso from receiving laser light. In Figure 4 , one point on the subject (point A) is captured. Point B is within the line of sight of the camera. If thearm did not block the laser, point B would have been captured.
Poor horizontal surface coverage
When the surface of the subject is nearly parallel to the laser plane, a great deal of data can be lost between captured frames. the scanner captures data by taking a picture at a particular height. When the scan head moves to the next height, it may pass over much of the surf:tce. This situation ours in the shoulder area of the human .cuhcct An carnp!ek shown in Figure 5 .
78 Figure 3 . Camera view occluded by the subject surface. Figure 5 . Aneample of poor horizontal surface coverage.
Poor light diffusion
Laser triangulation systems are always limited to subjects with a diffuse surface4. Problems occur when the subject is reflective, transmissive or absorbing. When laser light strikes at an angle nearly parallel to the subject's surface, less diffuse light will be reflected to the camera. Ifthe camera observes too little light, it will not register a point.
Summary
Errors described can be improved by the configuration of the scanner. Individual aspects of the configuration affect each type of error differently. For example, the most significant configuration parameter is the baseline distance for error due to the camera berng occluded by the subject. When the baseline is small, most crevasses in the subject will not be narrow enough to occlude the camera. However, a small baseline reduces the resolution ofthe scanner and increases the variance in the error ofthe captured data.
For the case in which the subject occludes the laser plane, the most significant configuration parameter is the number of scan heads and the position of the scan heads. Having multiple scan heads at a large variety of angles will reduce the chance that a point on the subject will be missed due to a blocked laser plane.
Although identifying the configuration parameters that affect the scan coverage is not difficult, it is difficult to decide what the optimal configuration parameters should be. Different configurations will be optimal for different subjects. Therefore, a tool that allows a designer to test designs based on the configuration ofthe system would be extremely helpful. This is the purpose of the software simulator.
3. SOFTWAREiMPLEMENTATION
Simulation Overview
A software simulator was created which incorporates the essential configuration parameters as discussed above. In addition, a great deal of flexibility regarding the subject was made available. A few configuration parameters essential to scan coverage issues are:
. The position of the camera relative to the laser plan. . The location ofthe scan heads.
. The path on which the scan heads travel. . The number of scan heads. . The distance covered between frames.
Other configuration parameters can have an impact on the scan coverage, such as, the camera model parameters. Control has been given to the user to adjust many ofthese parameters.
The following is a step-by-step explanation ofthe simulation process. First, the intersection ofthe laser light and the subject's surface is calculated. When the intersection is found, the surface normal and the properties of the surface are also obtained. Next, a ray is formed starting from the intersection point and projecting back through the focal point ofthe camera. The ray is tested to see if it would intersect the subject at any point (thereby occluding the camera). If such an intersection exists, the process is stopped due to camera occlusion. If nothing is blocking the ray, the camera model captures the intersection point.
Once the camera captures the point, there are several computer imaging algorithms for locating a data point on the image plane. Simulator source code can be easily modified to try different techniques. A default method was created that simple uses the center of the illuminated pixel.
A laser plane and one or more cameras can be put together to form a scan head. ulie data generated by one scan head is iii two dimensions because the data must be entirely in the laser plane. 13v moving the scan head and thus the laser plane, a third dimension can be generated. The movement of the scan head is defined by tracks.
Simulation Details
The simulation process described above relies on having an intersection of the laser plane and the subject. An innovative approach is to model the laser plane as a set of coplanar rays. Fhe rays start from a Common origin and pass through a set of evenly spaced collinca control points. Figure 6 depicts the laser niane A Figure 6 . Modeling of the laser plane for the simulator.
The left side of Figure 6 is a picture of a scan head and laser plane. The right side shows how a set of rays starting at the origin and passing through a set of control points may simulate the plane. Using coplanar rays to represent the laser plane has many advantages. Finding the intersection of a ray with an object is less time consuming and generates more Inti)rmatlon than finding the intersection of a plane with the object. For each intersecting ray the following information is calculated: the intersection point. the surface normal and the surfaces material properties at the intersection. It is assumed that when a ray intersects the subject. enough diffuse light will be generated to register a point on the camera's focal plane.
For modeling the camera, the widely understood and accepted pin hole camera model was used. This involves multiplying a homogeneous point by a transformation matrix and a projection matrix to generate an image plane point. A correction br lens distortion was added according to the description given by Tsai
Method of analyzing results
The approach used to analyze simulator occlusion is a combination of qualitative and quantitative measures. Qualitatively. missing data points are easy to observe. Occlusion shows up as gaps in the surface data. A scan suffering from occlusion will have areas of sparsely measured or missing data. Many options for observing data are available in the simulator. The simulator is also set up to calculate the total number of points generated. Therefore, the amount of data generated can he compared between competing systems.
It is important to know the quality of the data generated as well as the amount of data occluded. Theretbre, the simulator can generate statistics relating to the quality of data. The statistics are based on the error for each generated data point.
Two distinct types of measurement error can be identified. For discussion purposes they will be called mm (minimum) error and actual error. Mm error is the shortest distance between the value measured by the scanner aiid the surface of the subject. Actual error is the distance between the value measured by the scanner and the intersection of the laser plane. Figure 7 gives an example of these two types of error.
Minimum Error
The horizontal line in Figure 7 represents the laser beam. Point A represents the intersection with the subject and laser beam. Point B represents the value measured by the scanner. As seen in the figure. the mm error and the actual error could be quite different if the subject has a rapidly sloping surface. Researchers evaluating a laser triangulation system usually attempt to calculate mm error because the actual intersection point is unknown to them. When the surlice ot the subject is not sloping significantly, the actual error and the mm error are the same.
Overview of the program structure
The program. named SimSean. was written in C-+. Open Inventor7 and Java. Objects were created in ( t that relate to a particular part of the scanner. Often these objects are represented by a scene graph in Open Inventor that handles the 31) representation. The user interface is through a command line arid display window. The interface was implemented in Java.
RESULTS OF SOFTWARE USE
SiniScan can be used to examine the trade-off between occlusion and scanner precision.
[his section will give a demonstration ol how the simulator may be compared to an actual scanner, and examples ot how the simulator can l)e used to observe the tradc-ofb between data precision and data occlusion.
Comparison to an actual scanner
To validate the simulation software, a comparison with a real laser triangulation system was made. I lie laser triangulation systeili that was used is the Cyberware whole body four head scanner (Cyherware WB4). Iwo approaches ol coniparing the simulator to the Cyberware WB4 were used. One approach was to compare the resulting data from the hardware and the siniulator. While the data sets from each system look identical, there are a number of issues that prevented quantification in this approach. Among the issues are inconsistencies between the computer solid model and the actual object. A far more useful and less subjective solution was to compare the pixel grid generated by the simulator to a similar pattern generated by Cyberware br the WB4.
• .:.
ii Figure 8 . Test grid generated by SimScan and ('yberware.
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/ A Ajal Ermr Figure 7 . 'Iwo methods for measuring error.
In Figure 8 . a pixel grid generated for the Cyherware WB4 is shown with solid hues. Points that represent the SnuScan uiiodel are displayed on top of the Cyherware WB4 grid. The grid generated by Cyherware contains five rows of points (depicted as the intersection of lines) with five points in each row. The boarder of the grid represents the boarder of the usable camera image plane. The SimScan grid is generated using every 50thpixel starting with the first p01111 on the simulated camera image plane. Figure 8 shows that the actual scanner and the simulated scanner match quite well. The row of points on the bottoni and the column of points on the left match precisely. There are discrepancies due to the differences in the way the grids are generated and deviations from the optics of the actual scanner. In particular. the ratio of focal lengths for the anamorphic lens, the position md orientation of the lens and image plane center are needed for a precise hardware match. 'Ihese specilications are proprietary information to the scanner manufacture and where not made available.
Analysis with cylinders
For each of the tests conducted in this section. two cylinders were used. An image displaying the two cylinders is shown in Figure 9 .
The smaller cylinder had a radius of 0.04 meters and a height of 0.3 meters. The larger cylinder had a radius of 0.1 meters and a height of 0.3 meters. The cylinders were located on a scanning platform because such a platform, which would exist for a real scanner, can impact the performance of a scanner.
Two head vs. four head
The first issue that was considered was a two head scanner versus a four head scanner. Figure 10 shows the basic layout of the scanner and the orientation of the cylinders.
The scan heads are represented with trapezoids with the long base in the direction in which scanning was performed. 'they are labeled head 0. head I. head 2 and head 3. Scan head 0 and scan head I were used for the two head model andall four scan heads were used for the four head model.
All scan heads used the same parameters. The cameras were 0.25 meters from the laser plane and the camera angle was 45 degrees. The scanners used two different laser frequencies. Using multiple frequencies limits the cross over among scan heads.
The results of the simulated scans are shown in Figure 1 1 for the two head scanner and Figure 12 for the four head scanner. Accuracy of the data points is given in Tables 1 and 2 . As seen in the tables, the measurement accuracy was about the same for the two head scanner and the four head scanner. However, as seen in Figures 1 1 and 12 , the four head scanner did not suffer from the occlusion problems present in the two head scanner. 
Orientation of the subject
To consider what impact the orientation ofthe subject has on the results, consider once again the case ofthe two head scanner. In Figure 13 , the small cylinder location used in the experiment above is shown with a dashed line. For this experiment, the small cylinder has been rotated about the platform's origin by 90 degrees. The center cylinder remains the same. Scan head 0 and scan head 1 have not changed position. The results for the cylinders in their original position have already been given in Figure 1 1 and Table 1 . The results that are generated after the cylinder is turned 90 degrees are shown in Figure 14 and Table 3 .
In Figure 14 , we can see that there is more data between the two cylinders. Overall there was significantly less occlusion in the second orientation. Because the scan head configuration has not changed, precision of the data as described by the statistical information looks very much the same. The statistical information is given in Table 3 . Max. Error 
CONCLUSIONS
SimScan, a laser triangulation simulator, is a tool for examining the performance of various scanner designs. SimScan has many advantages over building and testing prototype designs that include ease ofuse and a high degree of flexibility. SimScan has the ability to test many different designs with many different subjects.
SimScan, written with C++, Open Inventor and Java, was implemented in an object oriented fashion. Hooks were left in the software to accommodate future researchers. All information relating to a particular scanner configuration was stored in Open inventor scene graphs. This allows scanners to be saved and retrieved once they have been created.
Results were given that demonstrate the effectiveness of certain scanner configurations. These results address the issue of the number of scan heads and the orientation of the subject. The issues were addressed through several simulations. The simulations generated qualitative results in the form of a graphical depiction and quantitative results in the form of statistical tables.
